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(54) Hydrogen combustion heater 

(57) The invention relates to a hydrogen combustion 
heater. This heater includes (a) a passage (13) for al- 
lowing hydrogen gas and air to flow therethrough; (b) a 
first catalyst (50) provided in the passage (13), the first 
catalyst being heated, when electricity is applied there- 


to, thereby starting a first combustion of a first mixture 
of the hydrogen gas and the air in the first catalyst (50); 
and (c) a heat exchanger (64) provided downstream of 
the first catalyst (50) in the passage, the heat exchanger 
being adapted to transfer heat generated by the first 
combustion to a heating medium of the heat exchanger. 
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Description 

BACKGROUND OF THE INVENTION 

[0001J The present invention relates to a hydrogen 5 
combustion heater for heating a fluid (e.g., water) by a 
heat generated by a catalytic oxidation of hydrogen gas. 
[0002] There are various combustion heaters in which 
a fluid is heated through a heat exchanger by a heat 
generated by a catalytic oxidation of a fuel gas It is pref- 10 
erable to use a hydrogen combustion heater, for exam- 
ple, for heating of interior of an electric vehicle equipped 
with a hydrogen fuel cell, since a single fuel source (i 
e., hydrogen gas) can be used for both of the heater and 
the fuel cell. 75 

[0003] A hydrogen combustion heater is operated by 
bringing a mixture of hydrogen gas and air into contact 
with a catalyst to achieve a catalytic oxidation of hydro- 
gen gas. It is necessary to get a suitable temperature 
for achieving the catalytic oxidation. Upon starting the 20 
operation of a hydrogen combustion heater, it is known 
to conduct a spark ignition of a mixture of hydrogen gas 
and air at a position upstream of the catalyst in the heat- 
er, thereby achieving a high temperature and the sub- 
sequent combustion of the hydrogen gas. Thus, it be- 25 
comes possible to heat the catalyst to a temperature 
suitable for the catalytic oxidation by passing the result- 
ing combustion gas of high temperature throuqh the cat- 
alyst. 

[0004] The above-mentioned spark ignition, however 30 
can be achieved, if the mixing ratio of hydrogen and air 
is a value causing explosion or deflagration. Besides 
such explosion problem, the combustion temperature 
caused by the spark ignition may become too high This 
may cause a high thermal stress on a heat exchanger 35 
of the heater due to a large temperature difference be- 
tween the heat exchanger and its fluid. Furthermore the 
formation of nitrogen oxides may become too much 
[0005] Japanese Patent Unexamined Publication JP- 
A-2000-291917 discloses a hydrogen combustion de- 40 
vice. This device includes a separate heater for preheat- 
mg a catalyst used in a catalytic oxidation of hydrogen 
gas. y 


SUMMARY OF THE INVENTION 


45 


[0006] It is an object of the present invention to pro- 
vide a hydrogen combustion heaterthat is simple in con- 
struction and stable in heating capability. 
[0007] According to the present invention, there is so 
provided a hydrogen combustion heater comprising (a) 
a passage for allowing hydrogen gas and air to flow 
therethrough; (b) a first catalyst provided in said pas- 
sage, said first catalyst being heated, when electricity is 
applied thereto, thereby starting a first combustion of a 55 
first mixture of said hydrogen gas and said air in said 
first catalyst; and (c) a heat exchanger provided down- 
stream of said first catalyst in said passage, said heat 


exchanger being adapted to transfer heat generated by 
said first combustion to a heating medium of said heat 
exchanger. 

BRIEF DESCRIPTION OF THE DRAWINGS 
[0008] 

Fig. 1 is a schematic sectional view showing a first 
hydrogen combustion heater according to a first 
preferred embodiment of the present invention; 
Fig. 2 is a perspective view showing a mixer used 
in a hydrogen combustion heater according to the 
present invention; 

Figs. 3A and 3B are perspective views respectively 
showing a flat sheet and a corrugated sheet, which 
are used for preparing the mixer; 
Fig. 4A is a plan view of the flat sheet; 
Fig. 4B is a partial side view of the corrugated sheet; 
Fig. 5 is a perspective view showing a first catalyst 
(electric heating catalyst) of the hydrogen combus- 
tion heater; 

Fig. 6A is a plan view showing a flat sheet of the 
electric heating catalyst; 

Fig. 6B is another perspective view of the electric 
heating catalyst; 

Fig. 6C is a partial side view of a corrugated sheet 
of the electric heating catalyst; 
Figs. 7A and 7B are graphs showing temperature 
rising characteristics of the electric heating catalyst 
with heating time; 

Fig. 8 is a graph showing temperature characteris- 
tics of the electric heating catalyst with and without 
holes; 

Fig. 9 is a graph showing a hydrogen combustion 
characteristic; 

Fig. 10 is a graph showing a relationship between 
the maximum combustion temperature and the mix- 
ing ratio of air to hydrogen gas; 
Figs. 11 A and 11B are perspective views each 
showing a part of a modification of the corrugated 
sheet of the mixer; 

Figs. 12Aand 12B are schematic views-each show- 
ing a part of a modification of the sheet of the electric 
heating catalyst; 

Fig. 13 is a schematic view showing an upstream 
part of a second hydrogen combustion heater ac- 
cording to a second preferred embodiment of the 
present invention; 

Fig. 1 4 is a perspective view showing a first catalyst 
(electric heating catalyst) according to the second 
preferred embodiment; 

Fig. 1 5 is a plan view showing a sheet for preparing 
the electric heating catalyst of Fig. 14; 
Fig. 16A is an enlarged sectional view showing a 
discharge portion of a hydrogen introducing pipe of 
Fig. 13; 

Fig. 1 6B is a sectional view taken along lines A-A 
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of Fig. 16A; 

Fig. 17A is a view showing hydrogen concentration 
measurement points A-F in a passage of the sec- 
ond hydrogen combustion heater, sectioned at a 
position that is 30 mm downstream of the discharge 
portion of the hydrogen introducing pipe and is up- 
stream of the electric heating catalyst; 
Fig. 1 7B is a graph showing a percentage of a de- 
viation of hydrogen concentration at each point of 
Fig. 1 7A from the average hydrogen concentration; 
Fig. 1 7C is a graph similar to Fig. 1 7B, but showing 
the results when the hydrogen and airflow rates in 
the case of Fig. 1 7B were each reduced by a factor 
of 6; 

Fig. 18A is an enlarged sectional view showing a 
first modification of the hydrogen introducing pipe 
of Fig. 16; 

Fig. 18B is a graph similar to Fig. 17B, but showing 
the results in the case of the first modification of Fig. 
18A; 

Fig. 19A is an enlarged sectional view showing a 
second modification of the hydrogen introducing 
pipe of Fig. 16; 

Fig. 1 9B is a graph similar to Fig. 1 7B, but showing 
the results in the case of the second modification of 
Fig. 19A; 

Fig. 20 is a perspective view showing a third hydro- 
gen combustion heater according to a third pre- 
ferred embodiment of the present invention; 
Fig. 21 A is an enlarged sectional view showing a 
discharge portion of a hydrogen introducing pipe of 
Fig. 20; 

Fig. 21 B is a sectional view taken along lines A-A 
of Fig. 21 A; 

Figs. 22A, 22B and 22C are plan views respectively 
showing first, second and third members of the mix- 
er of Fig. 20; 

Figs. 23A and 23B are sectional views each show- 
ing schematic hydrogen gas flows from openings of 
the discharge portion of the-hydrogen introducing 
pipe into the passage of the third hydrogen combus- 
tion heater; 

Fig. 24A is a partly sectional view showing the dis- 
charge portion of the hydrogen introducing pipe; 
Figs. 24B and 24C are sectional views respectively 
taken along lines B-B and C-C of Fig. 24A; 
Fig. 25A is a sectional view of Fig. 20 at a position 
of the downstream end of the first catalyst, showing 
numbers representing temperatures at their re- 
spective positions in the section, when the first to 
third members constitute the mixer (first mixer); 
Fig. 25B is a view similar to Fig. 25A, but showing 
those numbers when the first to fourth members 
constitute the mixer (second mixer); 
Fig. 25C is a view similar to Fig. 25A, but showing 
those numbers when only the second and third 
members constitute the mixer (third mixer); 
Fig. 25D is a graph showing the standard deviation 


and the difference between the maximum and min- 
imum temperatures with respect to the tempera- 
tures of Figs. 25A, 25B and 25C: and 
Fig. 26 is a view similar to Fig. 20, but showing a 
5 fourth hydrogen combustion heater according to a 

fourth preferred embodiment of the present inven- 
tion. 

DESCRIPTION OF THE PREFERRED 
w EMBODIMENTS 

[0009] The above-mentioned first combustion of the 
present invention can be limited to a mild oxidation, 
which is defined as being an oxidation free from firing of 

15 the hydrogen, by controlling the flow rate ratio of the air 
to the hydrogen. With this : it becomes possible to avoid 
explosion or deflagration and an excessively high com- 
bustion temperature. The flow rate ratio is preferably 
greater than 8:1 . more preferably about 15.3:1, as will 

20 be described in detail hereinafter. 

[0010] Fig. 1 shows a first hydrogen combustion heat- 
er according to a first preferred embodiment of the 
present invention. The first heater has a passage 13 for 
allowing hydrogen gas and air to flow therethrough. The 

25 passage 1 3 is formed at its upstream end with a blower 
11 . Air is sucked by the blower 11 into the passage 13 
through a filter 10 and a flow rate regulating valve 12. 
The passage 13 (inner diameter: 58 mm) is formed on 
its sidewall with a hydrogen introducing pipe 16 (inner 

30 diameter: 8 mm) s which is connected to a hydrogen res- 
ervoir (not shown) via a pressure reducing valve 1 5. The 
hydrogen introducing pipe 16 has a first hydrogen pas- 
sage 1 7 provided with a first valve 1 9 and a second hy- 
drogen passage 18 provided with a second valve 20. It 

35 is possible to adjust a hydrogen gas flow rate ratio of a 
first flow through the first hydrogen passage 1 7 to a sec- 
ond flow through the second hydrogen passage 18 to 
1 : 9 by controlling the first and second valves 19 and 
20. In fact, it is possible to supply hydrogen gas at a flow 

40 rate of 5 liters/min to the passage 13 by reducing its 
pressure with the pressure reducing valve 15 and by 
opening only the first valve 19. Then, it is possible to 
supply hydrogen gas at a total flow rate of 50 liters/min 
to the passage 13 by further opening the second valve 

45 20, too. in other words, it is possible to provide a hydro- 
gen gas flow rate for the initial stage of the hydrogen 
combustion operation by opening only the first valve 1 9. 
Furthermore, it is possible to provide a hydrogen gas 
flow rate for the steady state operation by opening both 

50 the first and second valves 19 and 20. Thus, it is easy 
to control the fuel flow rate. The passage 1 3 is connect- 
ed at its downstream end with a heater unit 30. 
[001 1 ] In the first hydrogen combustion heater, a fuel 
supplying means for supplying or introducing hydrogen 

55 gas and air can be defined as being formed of the blower 
11, the flow rate regulating valve 12, the pressure re- 
ducing valve 15, the hydrogen introducing pipe 1 6, the 
first and second valves 1 9 and 20, and the passage 13. 
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[0012] The heater unit 30 comprises a casing 31 that 
is made of stainless steel and covered with a heat insu- 
lating material 34. This casing 31 constitutes a passage 
of the first hydrogen combustion heater and is formed 
of (a) a smaller diameter portion 32 having the same 
d.ameter as that of the passage 13 and (b) a larger di- 
ameter portion 33 (inner diameter: 102 mm). A mixer 40 
and a first catalyst (electric heating catalyst) 50 are dis- 
posed in the smaller diameter portion 32. Infact themix- 
er ,s provided at a position upstream of the electric heat- 
ing catalyst 50. Therefore, hydrogen gas and air can suf- 
ficiently be mixed together before entering into the elec- 
tric heating catalyst. With this, it is possible to prevent 
the heat spot generation in the electric heating catalyst 
thereby .mproving durability of the first hydrogen com- 
bustion heater. A second catalyst (combustion catalyst) 
60 and a heat exchanger 64 are disposed in the larger 
diameter portion 33. In other words, the combustion cat- 
alyst 60 is larger in sectional area than the electric heat- 
ing catalyst 50. With this, the axial length of the heater 
unit 30 can be shortened, thereby making the hydrogen 
combustion heater compact in size. 
[001 3] The electric heating catalyst is smallerthan the 
combustion catalyst in volume, as shown in Fig 1 Afirst 
flow rate of a mixture of hydrogen gas and airfor starting 
a first hydrogen combustion in the electric heating cat- 
alyst is adjusted to about Q, defined by the following 
expression: 


Q, =Q S x V^V, + V 2 ) 

where Q s is a flow rate of a mixture of hydrogen gas and 
air under the steady state operation of the hydrogen 
combust.cn heater for conducting a second combustion 
in both the electric heating catalyst and the combustion 
catalyst, V t is a volume of the electric heating catalyst 
and V 2 is a volume of the combustion catalyst At the 
initial stage of hydrogen combustion, a mixture of hydro- 
gen gas and air is introduced at a relatively low flow rate 
(Qi ) that is enough for making an initial catalytic reaction 
(hydrogen combustion) possible only in the electric 
heating catalyst of a relatively small volume (V<) With 
this, it is possible to start the initial catalytic reaction (i 
e., a hydrogen combustion in the electric heating cata- 
lyst) in a relatively short time with a low electric power 
Thus, it is also possible to start the steady state opera- 
tion (i.e., a hydrogen combustion in the electric heating 
and combustion catalysts) in a relatively short time 
[0014] First and second terminals 55 and 56 extend 
outward from the electric heating catalyst through the 
casing 31 . The heat exchanger 64 communicates with 
a water introducing pipe 66, which is connected with a 
water pump 65, and a water discharge pipe 67 The larq- 
er diameter portion 33 of the casing 31 is tapered at its 
downstream end-into an outlet connected with a muffler 

[001 5] Air supplied into the passage 1 3 by the blower 


11 and hydrogen gas from the hydrogen introducing 
pipe 1 6 are uniformly mixed together in the mixer 40 into 
a gas mixture. Then, the gas mixture is heated and sub- 
jected to a combustion in the electric heating catalyst 
5 50. Heat of this combustion can heat the combustion 
catalyst 60 up to a temperature enough for conducting 
a catalytic reaction in the combustion catalyst 60 It is 
however, possible to omit the combustion catalyst 60 in 
the invention, as will be described hereinafter in the 
10 fourth preferred embodiment shown in Fig 26 The 
heated combustion gas (i.e., air) after the oxidation in 
the combustion catalyst 60 can heat a heating medium 
(e.g., pure water), and then is discharged from the muf- 
fler 70 to the outside. 
'5 [0016] There is a temperature sensor 73 in a space 
between the electric heating catalyst 50 and the com- 
bustion catalyst 60 for measuring temperature of the 
combustion gas coming from the electric heating cata- 
lyst 50. Furthermore, there are a temperature sensor 74 
for measuring temperature of the combustion catalyst 
60, and a temperature sensor 75 in a space between 
the combustion catalyst 60 and the heat exchanger 64 
for measuring temperature of the combustion gas com- 
mg from the combustion catalyst 60. Still furthermore 
there is a temperature sensor 76 immediately down- 
stream of the heat exchanger 70 for measuring temper- 
ature of the combustion gas after the heat exchange 
There are a pressure sensor 77 at an inlet of the heat 
exchanger 64, and a temperature sensor 78 for meas- 
uring temperature of water after the heat exchange and 
a relief valve 79 at an outlet of the heat exchanger 64 
The blower 11 , the water pump 65, the valves 12 15 
19 20 and 79, and the sensors 73-78 are connected to 
and controlled by a controller (not shown). 
35 [0017] Fig. 2 shows a structure of the mixer 40 which 
is prepared by winding a laminate of a flat sheet 42 (41 ) 
with holes 44 (see Fig. 3A) and a corrugated sheet 43 
with holes (see Fig. 3B). As shown in Fig. 4A, the flat 
sheet 41 is an aluminum sheet (foil) having a width of 
50 mm and a thickness of 50 um. This sheet has on its 
entire surface a plurality of holes 44 (diameter: 1 0 mm) 
at a pitch of 2 mm in the orthogonal directions along its 
major sides. As shown in Fig. 4B, the corrugated sheet 
43 has a plurality of waves (height: 1 .2 mm; pitch- 2 6 
45 mm). In Figs. 2, 3A, 3B, 4A and 4B, the size and the 
pitch of the holes 44 are enlarged for easiness to under- 
stand the structure. A wound body of the flat sheet 42 
and the corrugated sheet 43 is subjected to a vacuum 
heatmg treatment at 1 ,200°C under a pressure of about 
I Pa for about 20 min, thereby making a mixer with a 
high rigidity through diffusion bonding. Instead of the 
vacuum heating treatment, it is possible to easily make 
a mixer by conducting a spot welding during and after a 
winding of the flat and corrugated sheets 42 and 43 The 
55 m,xer 40 is disposed in the smaller diameter portion 32 
of the heater unit 30 in a manner to align the axis of the 
mixer 40 with that of the smaller diameter portion 32 
The mixer 40 is provided with a plurality of cells each 
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being defined between the flat sheet 42 and the corru- 
gated sheet 43. Each cell extends between the up- 
stream and downstream ends of the mixer 40 in the axial 
direction of the smaller diameter portion 32. 
[0018] Fig. 5 shows an exemplary structure of the 
electric heating catalyst 50. This catalyst 50 may be pre- 
pared by winding 20 times ( 20 windings) a laminate of 
a flat sheet 52 and a corrugated sheet 53, then by braz- 
ing a plurality of spots of the wound body, and then 
pressing the wound body into an outer cylinder 54. This 
brazing may be replaced with a bonding with a ceramic 
bond. Each of the flat and corrugated sheets 52 and 53 
supports thereon a catalyst component containing 1% 
platinum and the remainder of alumina (Al 2 0 3 ). The 
electric heating catalyst 50 is electrically connected at 
its center and its periphery with first and second elec- 
trodes 55 and 56, respectively. Such electric heating 
catalyst can easily be produced with a low cost. The 
electric heating catalyst is similar in structure to common 
automotive catalysts (catalytic converters) for purifying 
exhaust gas. 

[0019] As shown in Fig. 6 A, a raw material (blank) 51 
of the flat and corrugated sheets 52 and 53 is a stainless 
steel sheet containing 20% Cr, 5% Al and the remainder 
of Fe and having a width of 50 mm and a thickness of 
50 u,m. This stainless steel sheet is subjected to a sur- 
face oxidation by heating the same at 1 ,200°C for about 
20 min in the atmosphere. This stainless steel sheet has 
a plurality of holes 57 (diameter: 1 .0 mm) to an extent 
corresponding to the outermost eight windings of the re- 
sulting electric heating catalyst 50 having 20 windings 
in total (see Fig. 6B). The holes 57 are arranged to have 
nineteen holes in a direction along the width at a pitch 
of 2.5 mm. The holes 57 are further arranged in the wind- 
ing or longitudinal direction at a pitch of 5 mm. The cor- 
rugated sheet 53 is configured to have a wave height of 
1 .2 mm and a wave pitch of 2.6 mm. In Figs. 5, 6A and 
6B, the size and the pitch of the holes 57 are enlarged 
for easiness to understand the structure. 
[0020] Fig. 7A is a graph showing temperature rising 
characteristics of the electric heating catalyst 50 (having 
20 layers or windings in total) prepared by winding to- 
gether the flat sheet 52 and the corrugated sheet 53 
each provided at its outermost eight windings with the 
above-mentioned holes 57. Due to the provision of the 
holes 57, it is possible to increase the electric resistance 
of the outermost eight layers. Therefore, it is possible to 
increase heat generation and the temperature of the 
outermost-eight layers by applying the electricity, even 
though the outer layers temperature tends to lower by 
heat radiation. With this, it is possible to suitably proceed 
the catalytic reaction (hydrogen combustion) in the elec- 
tric heating catalyst and to start the steady state opera- 
tion early. In fact, a power (voltage: 12.0V; current: 
1 2.4A) of 1 49 W was applied to the electric heating cat- 
alyst 50 for a period of time shown in Fig. 7A for heating 
the same. The temperatures of the 5th, 10th and 15th 
layers (counted from the outermost layer) were meas- 


ured during this heating. 

[0021] In contrast with Fig. 7A, Fig. 7B is a graph 
showing temperature rising characteristics of a similar 
electric heating catalyst (having 20 layers or windings 
5 in total) prepared by winding together flat and corrugat- 
ed sheets each provided with no holes. It is understood 
from Fig. 7A that the temperature of the 5th layer is not 
so low relative to those of the 10th and 15th layers, due 
to the provision of the holes 57. In contrast, it is under- 
go stood from Fig. 7B that the temperature of the 5th layer 
is quite low relative to those of the 10th and 15th layers, 
due to heat radiation. In this case, the catalytic reaction 
may become insufficient. 

[0022] Fig. 8 also shows temperature characteristics 
15 of the electric heating catalyst 50 with the holes 57 and 
another catalyst with no holes, after the electricity was 
applied for 300 seconds. It is understood from Fig. 8 that 
it is possible to increase the temperature of the 5th layer 
by about 60°C by providing the holes 57. 
20 [0023] The combustion catalyst 60, which is optionally 
provided in the invention, has a catalyst component (1 % 
platinum and the remainder of alumina) in an amount of 
200 g per liter of the catalyst. The combustion catalyst 
60 (axial length: 120 mm) is disposed in-the- larger di- 
25 ameter portion 33 (inner diameter: 1 02 mm) of the heat- 
er unit 30. 

[0024] The heat exchanger 70 is a multi-pipe heat ex- 
changer of stainless steel having a diameter of 1 02 mm, 
an axial length of 1 50 mm and a heat exchange capacity 
30 of 5 kW. 

[0025] Fig. 9 shows a hydrogen combustion charac- 
teristic. It is understood from Fig. 9 that hydrogen is sub- 
jected to a mild oxidation in a temperature region lower 
than a critical line G and that hydrogen is subjected to 

35 firing or ignition in a temperature region higher than the 
critical line G. This mild oxidation can be defined as be- 
ing an oxidation free of firing or ignition of hydrogen. It 
is preferable to provide a temperature as high as possi- 
ble for efficiently achieving hydrogen combustion. It is, 

40 however, understood from Fig. 9 that hydrogen ignition, 
in place of its mild oxidation, occurs at a temperature 
higher than about 560°C under atmospheric pressure 
(760 Torr). Therefore, it is possible to set the hydrogen 
combustion temperature of the invention at 500°C in or- 

45 derto avoid hydrogen firing or ignition. It should be noted 
that hydrogen combustion in the electric heating catalyst 
or the combustion catalyst is conducted in the vicinity of 
atmospheric pressure (760 Torr). 

[0026] As shown in Fig. 1 0, the maximum combustion 
50 temperature of a mixture of hydrogen and air changes 
depending on their mixing ratio. It is preferable in the 
invention to provide an air/hydrogen ratio greater than 
8:1 in order to avoid hydrogen explosion and nitrogen 
oxides formation. Furthermore, it is understood from 
55 Fig. 10 that, if a mixture of hydrogen and air is subjected 
to complete combustion, a combustion temperature of 
500°C can be obtained by an air/hydrogen ratio of about 
15.3 : 1 . The ratio may be varied to have a range of 
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±10% about 15.3 : 1 This range is also far from the hy- 
drogen explosion region defined as being less than an 
air/hydrogen ratio of about 6:1. Thus, it is possible to 
maintain the combustion catalyst 60 at a temperature of 
500°C by adjusting the air/hydrogen ratio to about 15 3 ■ 


[0027] Operation of the hydrogen combustion heater 
will be described in the following (see Fig 1) At first 
the water pump 65 is turned on to allow water to flow 
through the heat exchanger 64, while electricity is ap- 
p Med to the electric heating catalyst 50. Then, the blower 
11 is energized to introduce air into the passage 13 
while the flow rate regulating valve 12 is controlled to 
have a predetermined air flow rate. Alternatively the 
blower can directly be controlled to have a predeter- 
mined a,rflow rate. Furthermore, hydrogen gas is intro- 
duced into the passage 13 from the hydrogen introduc- 
ing pipe 16 by opening the pressure reducing valve 15 
and the first valve 1 9. In fact, the hydrogen gas flow rate 
is set by the first valve 1 9 at 5 liters/min corresponding 
to 1/10 of the flow rate under the steady state operation 
and the air flow rate is set by the flow rate regulating 
valve 12 at about 76 liters/min. With this, the air/hydro 
gen flow rate ratio during the starting time of the hydro- 
gen combustion heater operation becomes about 15.3 : 

[0028] Electricity is applied to the electric heating cat- 
alyst 50 for a predetermined time. When the electric 
heating catalyst 50 has a temperature of 200°C or high- 
er by applying electricity, the application of electricity is 
no longer necessary. In other words, the temperature of 
the electric heating catalyst 50 continues to rise until 
500°C by only the catalytic reaction (hydrogen combus- 
tion). It is possible to have electric heating catalyst tem- 
peratures of 200-C and 300°C by applying electricity for 
60 seconds and 120 seconds, respectively. Therefore 
it suffices to apply electricity for about 1 20 seconds 
[0029] The combustion catalyst 60 is heated by the 
combustion gas that has been passed through the elec- 
tric heating catalyst 50 and has been heated until 500°C 
[0030] During the initial stage of the hydrogen com- 
bustion, the controller monitors the temperature of the 
combustion gas coming from the electric heating cata- 
lyst 50 by the temperature sensor 73. In case that the 
combustion gas temperature exceeds a predetermined 
maximum temperature or does not rise during a prede- 
termined time, the controller shuts down all the electric 
sources of the hydrogen combustion heater including 
the blower 11 and the water pump 65 since it is judged 
as being operational abnormality. Furthermore, the con- 
troller monitors temperatures in the vicinity of the com- 
bustion catalyst 60 by the temperature sensors 74 and 
75. In case that the monitored temperature exceeds a 
predetermined maximum temperature or does not rise 
dur.ng a predetermined time, the controller shuts down 
all the electric sources of the hydrogen combustion 
heater. Furthermore, in case that the pressure sensor 
77 detects an abnormal pressure due to freezing or pipe 


clogging, the controller also shuts down all the electric 
sources of the hydrogen combustion heater. 
[0031] When the temperature of the combustion cat- 
alyst 60, which has been detected by the temperature 
sensor 74, reaches 300°C, the second valve 20 is also 
opened to introduce hydrogen gas into the passage 13 
from the hydrogen introducing pipe 1 6 at a total flow rate 
of 50 liters/min, and at the same time the air flow rate is 
adjusted to about 760 liters/min by the flow rate regulat- 
10 mg valve 12. With this, it is possible to have an air/hy- 
drogen ratio of about 15.3 : 1. A part of the introduced 
hydrogen gas defined as flowing at a flow rate of 5 liters/ 
mm is subjected to an oxidation in the electric heating 
catalyst 50, and the rest of that defined as flowing at a 
flow rate of 45 liters/min is subjected to an oxidation in 
the combustion catalyst 60. The resulting combustion 
gas coming from the combustion catalyst 60 is heated 
to 500°C. 

[0032] As stated above, each cell of the mixer 40 ex- 
tends between the upstream and downstream ends of 
the mixer 40 in the axial direction of the smaller diameter 
portion 32. Therefore, it becomes possible to have a 
smooth gas flow through each cell, thereby avoiding 
pressure loss. By the provision of the holes 44 in the 
mixer 40, air and hydrogen gas can be uniformly mixed 
together. If this mixing is insufficient, a heat spot may be 
generated when the mixture is introduced into the elec- 
tric heating catalyst 50. However, according to the pre- 
ferred embodiment of the invention, when hydrogen qas 
*> was allowed to flow from the hydrogen introducing pipe 
16 at a flow rate of 50 liters/min and air was allowed to 
flow from the blower 11 at a flow rate of 760 liters/min 
a heat spot was not generated. Therefore, it was possi- 
ble to obtain a stable hydrogen combustion 
35 [0033] While the combustion gas, which has been 
heated to 500°C in the combustion catalyst 60 passes 
through the heat exchanger 64, a heat exchange occurs 
between the combustion gas and pure water flowing at 
6 liters/mm by the water pump 65. After that, the com- 
bustion gas (air) is discharged outside through the muf- 
fler 70. The combustion gas that has passed through 
the heat exchanger 64 having a heat exchanging capac- 
ity of 5 KW still has a high temperature of about 200°C 
or higher. Therefore, it is possible to prevent the occur- 
rence of water condensation in the casing 31 
[0034] During operation of the hydrogen combustion 
heater, when the temperature (detected by the temper- 
ature sensor 75) immediately downstream of the com- 
bustion catalyst 60 exceeds a predetermined tempera- 
ture, the hydrogen gas flow rate is changed from 50 lit- 
ers/mm to 5 liters/min by closing the second valve 20 
and at the same time the air flow rate is also changed 
from about 760 liters/min to about 76 liters/min, thereby 
achieving a low-flow-rate combustion condition. Under 
this condition, the hydrogen combustion in the combus- 
tion catalyst 60 is stopped, and the combustion catalyst 
60 is maintained in a heated condition by the combus- 
tion gas coming from the electric heating catalyst 50 
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When it becomes possible to terminate the low-flow-rate 
combustion condition, the hydrogen and airflow rates 
are increased to the respective normal values (50 and 
about 760 liters/min). With this, the hydrogen combus- 
tion (oxidation) in the combustion catalyst 60 is imme- 
diately resumed. When the pressure sensor 77 detects 
an abnormal high pressure, the controller opens the re- 
lief valve 79. 

[0035] As stated above, the flow rate ratio of air to hy- 
drogen gas is suitably controlled in the invention, there- 
by limiting the hydrogen combustion to a mild oxidation. 
This flow rate ratio of air to hydrogen gas is adjusted 
preferably to greater than 8:1 , more preferably to about 
15.3 : 1 . Thus, it is possible to prevent firing or ignition 
of hydrogen gas. Furthermore, it is possible to avoid an 
excessive heating and thermal stress of the hydrogen 
combustion heater. Still furthermore, it is possible to 
suppress the formation of nitrogen oxides. 
[0036] The mixer 40 of the invention does not have 
moving parts such as a screw. Therefore, it is improved 
in durability and lifetime. 

[0037] The above-mentioned mixer 40 is prepared by 
winding a laminate of the flat and corrugated sheets 42 
and 43 each having circular holes (diameter: 1 .0 mm). 
This mixer 40 can be modified variously as long as the 
resulting cells are communicated with each other. Fig. 
11A shows a modified sheet 4V for making the mixer 
40. This sheet 41 ' has a plurality of first and second cuts 
48 and 49 that are alternately arranged in the direction 
along the width of the sheet 41 \ Each first cut 48 is pre- 
pared by cutting a portion of a ridge 46 and then by fold- 
ing the cut portion downward. Each second cut 49 is pre- 
pared by cutting a portion of a depression 47 and then 
by folding the cut portion upward. Thus : each of the first 
and second cuts has-an opening for achieving a com- 
munication among the cells. Fig. 11 B shows another 
modified sheet 41 " for making the mixer 40. This sheet 
41" has triangular ridges and depressions 49* and 48* 
that are alternately arranged in the direction along the 
width of the sheet 41". 

[0038] Each of the above-mentioned flat and corru- 
gated sheets 52 and 53 for preparing the electric heating 
catalyst 50 is formed with circular holes 57 (diameter: 
1 .0 mm). The shape of the holes is not particularly lim- 
ited. For example, the holes may have a rectangular 
shape. Fig. 12A shows a sheet 51' with rectangular 
holes 57' each having a longitudinal axis arranged along 
the width of the sheet. Fig. 12B shows another sheet 
51" with rectangular holes 57" each having a longitudi- 
nal axis arranged along the longitudinal direction of the 
sheet 51". 

[0039] Fig. 13 shows an upstream part of a second 
hydrogen combustion heater according to a second pre- 
ferred embodiment of the present invention. This hydro- 
gen combustion heater has an electric heating catalyst 
80 that is provided with a function of the mixer. The elec- 
tric heating catalyst 80 is disposed in a smaller diameter 
portion 32' of a heater unit casing 31 \ 


[0040] As shown in Figs. 1 3 and 1 4, the electric heat- 
ing catalyst 80 is prepared by winding a laminate of flat 
and corrugated sheets 82 and 83, then by brazing a plu- 
rality of spots of the wound body, and then pressing the 
5 wound body into an outer cylinder 84 of the smaller di- 
ameter portion 32' (inner diameter: 58 mm). Each of the 
flat and corrugated sheets 82 and 83 is a stainless steel 
sheet (containing 20% Cr, 5% Al and the remainder of 
Fe) having a width of 80 mm and a thickness of 80 mm. 
10 The flat and corrugated sheets 82 and 83 each support 
thereon a catalyst-component-containing 1% Pt and the 
remainder of Al 2 0 3 . The electric heating catalyst 80 has 
a first electrode 85 passing through the center of the 
wound body and a second electrode 56 connected with 
75 the outer cylinder 84. These electrodes 85 and 56 ex- 
tend outward through an outer periphery of the casing 
31V 

[0041] As shown in Fig. 15, a stainless steel sheet 81 
used for the flat and corrugated sheets 82 and 83 is pro- 
vided on its one side (length: 50 mm) with a perforated 
portion 86 having a plurality of circular holes (diameter: 
1 .0 mm) at a pitch of 2.5 mm in the direction along the 
width of the sheet 81 and at a pitch of 5 mm in the lon- 
gitudinal direction of the sheet 81 . The corrugated sheet 
83 has a pattern of waves having a height of 1 .2 mm 
and a pitch of 2.6 mm. The resulting wound body has 
an electric resistance of about 0.8 O. The electric heat- 
ing catalyst 80 is disposed in the smaller diameter por- 
tion 32' in a mannerto dispose the perforated portion 86 
on the upstream side. Therefore, hydrogen gas and air 
introduced into the electric heating catalyst 80 are uni- 
formly mixed together by a gas transportation or mixing 
among the cells of the electric heating catalyst 80. The 
electric heating catalyst 80 is heated by applying elec- 
tricity thereto during this mixing, too. Therefore, the cat- 
alytic reaction (hydrogen combustion) is assuredly ac- 
celerated. The electric heating catalyst 80 according to 
the second preferred embodiment is somewhat longer 
in the axial direction than the electric heating catalyst 50 
according to the first preferred embodiment, since the 
former has the perforated portion 86. It is, however, pos- 
sible to shorten the length of the smaller diameter por- 
tion 32' of the casing by the second preferred embodi- 
ment, as compared with the first preferred embodiment, 
since an independent mixer is not provided in the-sec- 
ond-preferred embodiment. Therefore, it becomes pos- 
sible to make the size of the heater unit smaller in the 
second preferred embodiment. In Figs. 13-15, the size 
and the pitch of the holes 87 are enlarged for easiness 
to understand the structure. 

[0042] As shown in Fig. 13, a hydrogen introducing 
pipe 16' (inner diameter: 8 mm) of the second hydrogen 
combustion heater passes through the passage 13' (in- 
ner diameter: 58 mm) and is equipped with a hydrogen 
stopping valve 100, in place of the pressure reducing 
valve, and is connected with a hydrogen reservoir (not 
shown). The hydrogen introducing pipe 16' has a first 
hydrogen passage 17 with a first restrictor 102 and a 
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second hydrogen passage 1 8 with a hydrogen stopping 
valve 1 04 and a second restrictor 1 06. The first and sec- 
ond restrictors 1 02 and 1 06 are such that the ratio of the 
flow rate through the first restrictor 102 to that through 
the second restrictor 106 is 1:9. When only the hydrogen 
stopping valve 100 is opened, hydrogen gas passes 
through the first restrictor 1 02 and then is introduced into 
the passage 1 3' at a flow rate of 5 liters/min. When the 
hydrogen stopping valve 104 is also opened, hydrogen 
gas passes through the first and second restrictors 1 02 
and 106 and then is introduced into the passage 13' at 
a total flow rate of 50 liters/min. The hydrogen stopping 
valves 100 and 104 are operated by gas. In fact, these 
valves are opened by adding thereto a pressure of a gas 
(air or inert gas) and maintained in a closed condition at 
a predetermined pressure or lower of the gas 
[0043] Gas supplying pipes 1 08 and 1 09 are respec- 
tively connected with the first and second hydrogen 
stoppmg valves 100 and 104 and are respectively 
formed with three-way solenoid valves 110 and 112 
These solenoid valves are each controlled by the con- 
troller. When the three way solenoid valves 1 1 0 and 1 1 2 
are opened, they add gas pressures to the hydrogen 
stopping valves 100 and 104, respectively. When they 
are closed, they release pressures from the hydrogen 
stopping valves 100 and 104, respectively. Therefore 
the hydrogen stopping valves 100 and 104 are control- 
led to open or close by controlling the three-way sole- 
no.d valves 1 1 0 and 112, respectively. As stated above 
the hydrogen stopping valves 1 00 and 104 are operated 
by gas. Therefore, there is no danger of a contact be- 
tween hydrogen gas and electric energy. Even if the op- 
erational fluid is leaked by an accident, the operational 
fluid is an inert gas or air. Therefore, there is no fear of 
having an accident, even if the operational gas is in con- 
tact with hydrogen gas. 

[0044] As shown in Fig. 1 , hydrogen gas is introduced 
into the passage 13 from a single opening of the hydro- 
gen introducing pipe 1 6 in the first hydrogen combustion 
-heater. In contrast, as shown in Fig. 13, hydrogen is in- 
troduced into the passage 13' from a plurality of open- 
ings of the hydrogen introducing pipe 16' in the second 
hydrogen combustion heater. This is preferable for 
achieving a uniform mixing of hydrogen gas and air In 
fact, an end portion (hydrogen discharging portion) of 
the hydrogen introducing pipe 16' passes through the 
passage 13' upwardly, and this end portion has the 
above openings. The hydrogen introducing pipe 16' is 
equipped with a filter 1 14 at a position immediately be- 
fore the passage 13' in order to separate water drops 
used for removing dust contained in hydrogen gas The 
hydrogen introducing pipe 1 6' is provided at its end with 
a pressure sensor 1 1 6 above the passage 1 3' The pres 
sure sensor 1 1 6 makes it possible to conduct a feedback 
control, thereby more highly precisely controlling the hy- 
drogen gas flow rate. In case that the pressure sensor 
116 is omitted, the hydrogen introducing pipe 16' can 
have a closed end at a position nearthe after-mentioned 


opening 90 at the center of the section of the passage 

[0045] Figs. 1 6A and 1 6B show a detailed arrange- 
ment of two openings 90 of the hydrogen introducing 
Pipe 1 6' for discharging hydrogen gas into the passage 
13'. The upper opening 90 is directed upstream and po- 
sitioned in the vicinity of the center of the passage 13' 
in the section of Fig. 1 6A. The lower opening 90 is also 
directed upstream and is at a position away from the 
bottom surface of the passage 13' by a distance of 2/5 
of the radius of the passage 13'. Such arrangement of 
the openings 90 makes it possible to start a mixing of 
hydrogen gas and air at the position of the openings 90 
in the entire section of the passage 13'. Therefore even 
if the distance between the end portion of the hydrogen 
introducing pipe 16' and the electric heating catalyst 80 
is short, it is possible to have a substantial degree of 
mixing of hydrogen gas and air when they reach the 
electric heating catalyst 80. With this, it is possible to 
avoid the generation of heat spot at the upstream end 
surface of the electric heating catalyst 80. The passage 
13" has an inner diameter of 58 mm, the hydrogen intro- 
ducing pipe 1 6" has an outer diameter of 1 0 mm and an 
inner diameter of 8 mm, and each of the openings 90 
25 has a diameter of 1 .5 mm. 

[0046] Fig. 17B shows hydrogen concentration 
changes or differences of respective positions (A-F) in 
the section (see Fig. 17A) of the passage 13' at a posi- 
tion 30 mm downstream of the passage 1 3' from the hy- 
drogen introducing pipe 1 6', from the average hydrogen 
concentration, when hydrogen gas was allowed to flow 
at 50 liters/min from the hydrogen introducing pipe 16' 
and when air was allowed to flow at 760 liters/min from 
the blower. The inner diameter of the passage 13' is rep- 
35 resented by »d" in Fig. 17A. It is understood from Fig 
17B that hydrogen concentration changes of the posi- 
tions A-F were within a range of +1 to -1 %. This means 
that a uniform mixing of hydrogen gas and air is already 
achieved at the upstream end of the electric heating cat- 
40 alyst 80. Thus, it was possible to avoid the heat spot 
generation and to obtain a stable hydrogen combustion 
[0047] Fig. 1 7C shows the results when the hydrogen 
and airflow rates in the case of Fig. 1 7B were each re- 
duced by a factor of 6. It is understood from Fig 17C 
that hydrogen concentration changes of the positions A- 
F were within a range of +2 to -2 %. 
[0048] Fig. 1 8A shows a first modification 1 6" of the 
hydrogen introducing pipe 16" of Fig. 16. The first mod- 
rfication 1 6" has three openings 90 for discharging hy- 
drogen gas. The upper opening 90 is positioned at the 
center of the section of the passage 1 3', and the middle 
and lower openings 90 are respectively at positions 
away from the bottom surface of the passage 1 3' by dis- 
tances of 2/3 and 1/3 of the radius of the passage 1 3' 
55 Fig. 18B shows the results obtained under the same 
conditions as those for Fig. 17B, except that the first 
modification 16" was used for the hydrogen concentra- 
tion determination. It is understood from Fig 18B that 
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hydrogen concentration changes of the positions A-F 
were within a range of +1 to -1 %. This means that hy- 
drogen gas and air were sufficiently mixed together. 
[0049] Fig. 19A shows a second modification of the 
hydrogen introducing pipe 16' of Fig. 16. The second 
modification has three openings 90A. The middle open- 
ing is positioned at the center of the section of the pas- 
sage 1 3\ and the upper and lower openings are at sym- 
metrical positions about the middle opening, as shown 
in Fig. 19A. Fig. 19B shows the results obtained under 
the same conditions as those for Fig. 17B, except that 
the second modification was used for the hydrogen con- 
centration determination. It is understood from Fig. 19B 
that hydrogen concentration changes of the positions A- 
F had a greater variation (+5 to -4%) than those of Figs. 
1 7B and 1 8B. This means that a heat spot tends to be 
generated and thereby it may be difficult to obtain a sta- 
ble hydrogen combustion by the second modification. 
[0050] Fig. 20 shows a third hydrogen combustion 
heater according to a third preferred embodiment of the 
present invention. This third heater is similar in construc- 
tion to the first heater. Therefore, explanation of the 
same parts and the same functions may be omitted from 
the following description. 

[0051] The third heater has a passage 130, a mixer 
140, an electric heating catalyst 150, a combustion cat- 
alyst 1 60, and a heat exchanger 1 70. This passage 1 30 
corresponds to the passage 1 3 of Fig. 3. The mixer 1 40, 
the electric heating catalyst 1 50 and the combustion cat- 
alyst 160 are disposed in their respective casings 132, 
134 and 136. Each of these casings has the same di- 
ameter as that of the passage 130 (inner diameter: 58 
mm) . The passage 1 30 and these casings 1 32, 1 34 and 
136 are connected to constitute a single straight pas- 
sage. 

[0052] The electric heating catalyst 1 50 and the com- 
bustion catalyst 1 60 are respectively the same as those 
50 and 60 of Fig. 1 , except in that the catalysts 1 50 and 
160 are the same in diameter. 

[0053] The heat exchanger 170 is formed of flat 
sheets and corrugated sheets alternately laminated to- 
gether. The heat exchanger 1 70 has a heat exchanging 
portion 171 having a shape of rectangular parallelepi- 
ped. The heat exchanging portion 1 71 is formed with 
first cells 172 and second cells 173 that are alternately 
laminated together at right angles relative to each other. 
In fact, the first and second cells 1 72 and 1 73 are formed 
by arranging adjacent corrugated sheets at right angles 
relative to each other. The heat exchanging portion 1 71 
is disposed at a central portion of the casing 138. The 
heat exchanger 170 is further formed at both side ends 
of the second cells 1 73 with first and second tanks 1 74 
and 176 that communicates with each second cell 173. 
A water introducing pipe 175 and a water discharging 
pipe 1 77 are respectively attached to the first-and sec- 
ond tanks 174 and 1 76. The combustion gas and water 
are respectively allowed to flow through the first and 
second cells 1 72 and 1 73 of the heat exchanging portion 


1 71 . Thus, when water introduced into the first tank 1 74 
from the water introducing pipe 1 75 passes through the 
second cells 173, it is heated by the combustion gas 
flowing through the first cells 172. The casing 138 has 

5 a rectangular section at the position of the heat ex- 
changing portion 1 71 . This rectangular section gradual- 
ly changes into a circular section toward an upstream 
position. Thus, the casing 138 is fitted at its upstream 
end with the casing 1 36 of the combustion catalyst 1 60. 

10 Similarly, the rectangular section of the casing 1 38 grad- 
ually changes into a circular section toward a down- 
stream position. 

[0054] Although not shown in Fig. 20, the third hydro- 
gen combustion heater has the temperature sensors 73, 
15 74 } 75 and 76, the pressure sensor 77, the temperature 
sensor 78, and the relief valve 79 at positions corre- 
sponding to those of the first hydrogen combustion heat- 
er shown in Fig. 1 . 

[0055] As shown in Fig. 21 A, a hydrogen introducing 

20 pipe 100 extends in a horizontal direction and passes 
transversely through the passage 130 and has four 
openings 90a — 90d for discharging hydrogen gas into 
the passage 130. The hydrogen introducing pipe 100 
has a filter 114 for separating water drops used for re- 

25 moving dust contained in hydrogen gas, immediately 
before the passage 1 30. The hydrogen introducing pipe 
100 is provided at its end with a pressure sensor 116 
immediately after the passage 130. 
[0056] As is seen from Fig. 21 A, the opening 90a is 

30 disposed at the center of the section of the passage 1 30 , 
the openings 90c and 90d are disposed upstream of the 
opening 90a, and the opening 90b is disposed down- 
stream of the opening 90a. For example, the passage 
130 has an inner diameter of 58 mm; the hydrogen in- 

35 troducing pipe 1 00 has an outer diameter of 1 0 mm and 
an inner diameter of 8 mm; and each of the openings 
90a — 90d has a diameter of 1 .5 mm. Each of the openr 
ings 90b and 90d are disposed at positions away from 
the opening 90a by a distance of 1 2 mm. It is preferable 

40 that the total opening area of the openings (the openings 
90c and 90d in the case of Fig. 21 A) positioned in the 
upstream half of the hydrogen introducing pipe in the 
section of the passage 130 is larger than that of the 
openings (the opening 90b in the case of Fig. 21 A) po- 

45 sitioned in the downstream half thereof. If each opening 
has the same opening area, the number of the openings 
positioned in the upstream half is preferably greater than 
that positioned in the downstream half. Furthermore, as 
shown in Fig. 21 B, the openings 90a-90d of the hydro- 

50 gen introducing pipe 1 00 are each directed upstream of 
the passage 130 to be within 45 degrees down from hor- 
izontal (i.e., 0-45 degrees). 

[0057] As shown in Fig. 20, the mixer 140 has first, 
second and third members 141, 142 and 143 that are 
55 spaced from each other and disposed in the casing 1 32. 
As shown in Fig. 22A, the first member 1 41 has a center 
hole 145 (diameter: 35 mm). The second member 142 
has four holes 146 (diameter: 20 mm) equally spaced 
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from each other. The third member 143 has 69 holes 
147 (diameter: 6 mm) equally spaced from each other 
The first and second members 141 and 142 are spaced 
from each other by a distance of 20 mm. The second 
and third members 142 and 143 are also spaced from 
each other by a distance of 20 mm. When the passage 
130 and the electric heating catalyst 150 are connected 
with each other, the first member 141 and the hydrogen 
introducing pipe 1 0 are spaced from each other by a dis- 
tance of 20 mm, and the third member 143 and the elec- 
tric heating catalyst 1 50 are spaced from each other by 
a distance of 30 mm. 

[0058] Operation of the third hydrogen combustion 
heater is substantially the same as that of the first hy- 
drogen combustion heater. Therefore, the same de- 
scriptions are not repeated in the following. Air and hy- 
drogen gas are uniformly mixed together, when they 
pass through the first, second and third members 141 
142 and 143 of the mixer 140. 

[0059] As mentioned above, the hydrogen introducing 
pipe 1 00 is connected with the passage 1 30 in a manner 
to horizontally pass therethrough (see Fig. 21 A) Fur- 
thermore, the openings are disposed such that the 
number of the openings in the upstream half is greater 
than that of the openings in the downstream half. There- 
fore, it became earlier to start a mixing of hydrogen gas 
and air, as compared with the case of providing a single 
opening to discharge hydrogen gas. Furthermore it was 
possible to obtain a higher degree of mixing, even as 
compared with the case of providing a plurality of open- 
ings equally disposed about the center of the section of 
the passage 130. 

[0060] Fig. 23A shows a hydrogen gas flow from the 
downstream and upstream openings 201 and 202 and 
the middle opening (no numeral) therebetween of the 
hydrogen introducing pipe 200 passing through the pas- 
sage 130 in a horizontal direction. The openings 201 
and 202 are equally spaced from the middle opening In 
this case, as shown by the arrows of Fig. 23A the di- 
rection of the hydrogen flow from the upstream opening 
202 is more inclined toward the direction of the hydrogen 
gas flow in the hydrogen introducing pipe 200, as com- 
pared with that of the hydrogen flow from the down- 
stream opening 201. With this, there is a tendency to 
generate a low hydrogen concentration region R1 near 
the upstream opening 202. Furthermore, there is a ten- 
dency to generate a high hydrogen concentration region 
R2 near the downstream opening 201 , due to the con- 
centration of the hydrogen flows toward the region R2 
In other words, there is a tendency to generate a hydro- 
gen concentration imbalance in the case of Fig 23A In 
contrast, according to the preferred embodiment shown 
m Fig. 23B, the number of the openings 90c and 90d 
disposed in the upstream half is greater than that of the 
openings 90b disposed in the downstream half There- 
fore, there is no tendency to generate the above-men- 
tioned hydrogen concentration imbalance. This is ad- 
vantageous to achieve a stable hydrogen combustion 


In Fig. 23B, the middle opening, the pressure sensor 
and the like are omitted for simplicity. 
[0061] As stated above, the openings of the hydrogen 
introducing pipe 100 are directed upstream of the pas- 
s sage 1 30 to be within 45 degrees down from horizontal 
(0-45 degrees), as shown in Fig. 21 B. With this it was 
possible to obtain a good mixing of hydrogen gas and 
air. In other words, the hydrogen concentration variation 
at a position 30 mm downstream of the passage from 
the hydrogen introducing pipe in a first case that the 
openings are directed upstream to be within 45 degrees 
down from horizontal was markedly less than that in a 
second case that the openings are directed upstream to 
be up from horizontal or in a third case that they are 
'5 directed downstream. In the third case, it is assumed 
that hydrogen gas and air reach the position 30 mm 
downstream of the passage from the hydrogen introduc- 
ing pipe, while they are not sufficiently mixed together 
In the second case, hydrogen tends to remain in an up- 
per region of the passage 1 30 without a sufficient mixing 
with air, since hydrogen gas is lighter in weight than air. 
[0062] Fig. 24A shows an optional arrangement of the 
openings 90a-90d of the hydrogen introducing pipe 1 00 
In fact, only the opening 90a is directed upstream to be 
25 within 45 degrees down from horizontal (see Fig 24B) 
and the openings 90b-90d are directed upstream to be 
horizontal (see Fig. 24C). This optional arrangement 
can also achieve a sufficient mixing of hydrogen gas and 
air. 

30 [0063] The above-mentioned openings of the hydro- 
gen introducing pipe according to the preferred embod- 
iment of the invention have the same size and are ar- 
ranged such that the number of the openings in the up- 
stream half is greater than that of the openings in the 
35 downstream half. Alternatively, the openings in the up- 
stream half can at least partly be made to have a size 
greater than those in the downstream half. In this case 
the number of the former may be the same as that of 
the latter. 

[0064] As stated above, the mixer 140 has first sec- 
ond and third members 141 , 142 and 143 (see Fiqs 20 
and 22A-22C). In fact, the first, second and third mem- 
bers are disposed in this order toward a downstream 
position. In other words, the number of the holes 145 
45 1 46 and 1 47 is increased, and the size of these holes is 
reduced, as it passes from the first member 141 to the 
third member 143. Therefore, hydrogen gas and air are 
sufficiently mixed together as they flow downstream 
from the first member 141 to the third member 143. 
50 [0065] Fig. 25A shows numbers representing temper- 
atures at their respective positions in the section of the 
hydrogen combustion heater at a position of the down- 
stream end of the electric heating catalyst, when the first 
to third members 1 41 -1 43 constitute the mixer (first mix- 
55 er) 140. In fact, the respective positions in the section 
were selected by dividing each of the vertical and hori- 
zontal diametral lines of the section into five sections 
Fig. 25B is a slight modification of Fig. 25A, showing 
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those numbers when the first to third members 1 41 -1 43 
and a fourth member constitute the mixer (second mix- 
er). The fourth member is disposed downstream of the 
third member 143 and has a plurality of holes that are 
greater in number than those 147 of the third member 5 
143. Fig. 25C is another slight modification of Fig. 25A, 
showing those numbers when only the second and third 
members 142-143 constitute the mixer (third mixer). It 
is understood from Fig. 25A in the case of the first mixer 
that the maximum and minimum temperatures are re- 
spectively 654°C and 500°C. It is understood from Fig. 
25B in the case of the second mixer that they are re- 
spectively 694°C and 555°C. It is understood from Fig. 
25C in the case of the third mixer that they are respec- 
tively 750°C and 500°C. Fig. 25D shows the standard 
deviation and the difference between the maximum and 
minimum temperatures with respect to the temperatures 
of Figs. 25A-25C. It is understood from Fig. 25D that the 
standard deviation and the difference between the max- 
imum and minimum temperatures in the case of the first 
and second mixers are substantially different from those 
in the case of the third mixer. This means that the first 
and second mixers make it possible to achieve a more 
efficient mixing of hydrogen gas and air, as compared 
with the third mixer. Furthermore, it is understood from 
Fig. 25D that results of the second mixer are slightly bet- 
ter than those of the first mixer. It should be noted that 
the results of the first mixer are also enough and accept- 
able. 

[0066] If a mixing of hydrogen gas and air is not suf- 
ficient, a heat spot may occur when they are introduced 
into the electric heating catalyst 1 50. In contrast, accord- 
ing to the third hydrogen combustion heater of the in- 
vention, there was no heat spot and a stable hydrogen 
combustion when hydrogen gas was allowed to flow 
from the hydrogen introducing pipe 100 at a total flow 
rate of 50 liters/min and when air was allowed to flow 
from the blower 11 at a flow rate of 760 liters/min. 
[0067] As shown in Fig. 22C, the third member 1 43 of 
the mixer 140 disposed in the passage (inner diameter: 
58 mm) have the holes 147 (diameter: 6 mm) that is 69 
in number. It suffices that the third member 143 has a 
plurality of holes that is 10 or greater in number, which 
is about double of the second member, for obtaining a 
mixing that is in the same level as that of the third mem- 
ber 143 having 69 holes. 

[0068] Fig. 26 shows a fourth hydrogen combustion 
heater according to a fourth preferred embodiment of 
the invention for a smaller output use, in which the com- 
bustion catalyst 160 of the third hydrogen combustion 
heater is omitted. Thus, a heat exchanger 170' is dis- 
posed immediately downstream of the electric heating 
catalyst 150. 

[0069] The heat exchanger 170' has a cylindrical 
shape. In fact, it has a cylindrical casing 138' having a 
central bulge portion. First and second partition walls 
1 80 and 1 82 are disposed in and water-tightly attached 
to the central bulge portion of the casing 1 38'. Each par- 


tition wall has a plurality of holes 1 84, and each hole 1 84 
of the first partition wall 180 is aligned with the corre- 
sponding hole 184 of the second partition wall 182. A 
plurality of pipes 186 are water-tightly attached to the 
first and second partition walls 1 80 and 1 82 in a manner 
to connect each hole 184 of the first partition wall 180 
with the corresponding-hole 184 of the second partition 
wall 1 82. In fact, the pipes 1 86 serve as passages of the 
combustion gas coming from the electric heating cata- 
lyst 150. There is provided a room R3 defined as being 
a space that is outside of the pipes 1 86, is inside of the 
casing 1 38' and is between the first and second partition 
walls 180 and 182. Water introducing and discharging 
pipes 1 75 and 1 77 are connected to the room R3 at its 
diametrical positions. Pure water is allowed to flow 
through the room R3. The upstream end of the casing 
1 38' has a diameter that is the same as that of the casing 
1 34 of the electric heating catalyst 1 50. The other struc- 
tures of the fourth hydrogen combustion heater are the 
same as those of the third hydrogen combustion heater. 
[0070] As stated above, the fourth hydrogen combus- 
tion heater has no combustion catalyst. After the electric 
heating catalyst 1 50 is heated to 200°C or higher in this 
heater, the temperature continues to rise by the catalytic 
reaction to 500°C. Therefore, when the required quan- 
tity of heat is low (for example, when pure water is al- 
lowed to flow through the heat exchanger 170' at a low 
flow rate) and when hydrogen gas for combustion is in 
a small amount, it becomes possible to achieve a suffi- 
cient combustion of a mixture of hydrogen gas and air 
only by the electric heating catalyst 1 50. Thus, the fourth 
hydrogen combustion heater is preferably used for small 
output uses. 

[0071 ] As compared with the third hydrogen combus- 
tion heater, the fourth heater can be compact in size, 
since the casing of the heat exchanger 170' has a cir- 
cular section, thereby making the fourth heater have a- 
thin shape. 

[0072] Although the invention has been described 
above by reference to certain embodiments of the in- 
vention, the invention is not limited to the embodiments 
described above. Modifications and variations -of the 
embodiments described above will occurto those skilled 
in the art, in light of the above teachings. The scope of 
the invention is defined with reference to the following 
claims. 

[0073] The entire disclosure of each of Japanese Pat- 
ent Applications No. 2000-240816 filed on August 9, 
2000, No. 2001 -1 77578 filed on June 1 2, 2001 , and No. 
2001-178589 filed on June 13, 2001, including specifi- 
cation, drawings, claims and summary, is incorporated 
herein by reference in its entirety. 
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1. A hydrogen combustion heater comprising: 
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5. 


a passage for allowing hydrogen gas and air to 
flow there through; 

a first catalyst provided in said passage, said 
first catalyst being heated, when electricity-is- 
applied thereto, thereby starting a first combus- 5 
tion of a first mixture of said hydrogen gas and 
said air in said first catalyst; and 
a heat exchanger provided downstream of said 
first catalyst in said passage, said heat ex- 
changer being adapted to transfer heat gener- 10 
ated by said first combustion to a heating me- 
dium of said heat exchanger. 

A hydrogen combustion heater according to claim 

1, wherein said first combustion is limited to a mild 
oxidation that is defined as being free from firing of 
said hydrogen gas. 

A hydrogen combustion heater according to claim 

2, wherein said first combustion is limited to said 
mild oxidation by controlling a flow rate ratio of said 
air to said hydrogen gas. 

A hydrogen combustion heater according to claim 

3, wherein said flow rate ratio is controlled to be 25 
greater than 8:1. 

A hydrogen combustion heater according to claim 

4, wherein said flow rate ratio is controlled to be 
about 15.3:1. 


a second electrode electrically connected to an 
outer portion of said corrugated sheet. 

10. A hydrogen combustion heater according to claim 
6, wherein said first catalyst is smaller than said 
second catalyst in volume, 

wherein a first flow rate of said first mixture for 
starting said first combustion in said first catalyst is 
adjusted to about Q 1 defined by the following ex- 
pression: 


15 


20 


30 


Q 1 =Q s x Vl /(V 1+ V 2 ) 

where Q s is a flow rate of a mixture of said hydrogen 
gas and said air under a steady state operation of 
said hydrogen combustion heater for conducting a 
second combustion in said first and second cata- 
lysts, V 1 is a volume of said first catalyst, and V 2 is 
a volume of said second catalyst. 

11. A hydrogen combustion heater according to claim 
6, wherein said second catalyst is greater than said 
first catalyst in cross-sectional area. 

12. A hydrogen combustion heater according to claim 
1 , further comprising a mixer for mixing together 
said hydrogen gas and said air, said mixer being 
provided upstream of said first catalyst in said pas- 


6. 


8. 


A hydrogen combustion heater according to claim 
1 , further comprising a second catalyst provided be- 
tween said first catalyst and said heat exchanger in 
said passage, said second catalyst allowing a sec- 
ond combustion of a second mixture of said hydro- 
gen gas and said air in said second catalyst when 
said second catalyst is heated by said first combus- 
tion. 

A hydrogen combustion heater according to claim 
6, wherein said second combustion is limited to a 
mild oxidation that is defined as being free from fir- 
ing of said hydrogen gas. 

A hydrogen combustion heater according to claim 
6, wherein temperatures of said first and second 
catalysts during said first and second combustions 
are each limited to 500°C or lower. 

A hydrogen combustion heater according to claim 
1, wherein said first catalyst comprises: 

a first electrode; 

a corrugated sheet wound around and electri- 
cally connected to said first electrode; 
a catalyst supported on said corrugated sheer 
and 
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13. A hydrogen combustion heater according to claim 
12, wherein said mixer comprises a honeycomb 
structure prepared by winding together a flat sheet 
and a corrugated sheet, each of said flat and corru- 
gated sheets comprising a plurality of holes. 

14. A hydrogen combustion heater according to claim 
9, wherein said first catalyst comprises at its outer 
portion a plurality of holes. 

15. A hydrogen combustion heater according to claim 
9, wherein said first catalyst comprises at its up- 
stream portion a plurality of holes. 

16. A hydrogen combustion heater according to claim 
1 , further comprising: 

a blower for introducing said air into said pas- 
sage; and 

a hydrogen introducing pipe for introducing said 
hydrogen gas into said passage, said hydrogen 
introducing pipe comprising: 

(a) a first hydrogen passage comprising a 
first valve; and 

(b) a second hydrogen passage compris- 
ing a second valve, 
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wherein, when said first valve is opened, a first 
flow rate of said hydrogen gas is allowed, there- 
by starting said first combustion, 
wherein, when said first and second valves are 
opened, a second flow rate of said hydrogen 5 
gas is allowed, thereby conducting a second 
combustion of said hydrogen gas and said air 
under a steady state operation of said hydrogen 
combustion heater. 


17. A hydrogen combustion heater according to claim 
1 , further comprising: 

a blower for introducing said air into said pas- 
sage; and 

a hydrogen introducing pipe for introducing said 
hydrogen gas into said passage, said hydrogen 
introducing pipe comprising: 

(a) a first stop valve for stopping hydrogen 
flow in said hydrogen introducing pipe; 

(b) a first hydrogen passage comprising a 
first restrictor; and 

(c) a second hydrogen passage compris- 
ing (1 ) a second stop valve for stopping hy- 
drogen flow in said second hydrogen pas- 
sage and (2) a second restrictor, 

wherein said first and second stop valves are 
each operated by a working fluid that is air or 
an inert gas.. 

wherein, when said first stop valve is opened, 
said first restrictor provides a first flow rate of 
said hydrogen gas, thereby starting said first 
combustion : 

wherein, when said first and second stop valves 
are opened, a secondflow of said hydrogen gas 
is allowed, thereby conducting a second com- 
bustion of said hydrogen gas and said air under 
a steady state operation of said hydrogen com- 
bustion heater. 


20. A hydrogen combustion heater according to claim 
18, wherein said discharge portion is divided into 
upstream and downstream halves with respect to 
hydrogen gas flow in said discharge portion, 

wherein said hole comprises a first hole posi- 
tioned in said upstream half and a second hole 
positioned in said downstream half, 
wherein a total opening area of said first hole 
is greater than that of said second hole. 

21. A hydrogen combustion heater according to claim 
20, wherein said discharge portion of said hydrogen 
introducing pipe extends substantially horizontally 

15 jn said passage. 

22. A hydrogen combustion heater according to claim 
20, wherein said first hole comprises first holes, and 
said second hole comprises second holes, 

20 

wherein each of saidfirst holes and said second 
holes is substantially the same in opening size, 
wherein said first holes in said upstream half 
are greater in number than said second holes 
25 in said downstream half. 

23. A hydrogen combustion heater according to claim 
20, wherein saidfirst hole comprises first holes, and 
said second hole comprises second holes, 

30 wherein at least a part of said first holes is 

greater than said second holes in opening size. 

24. A hydrogen combustion heater according to claim 
18, wherein said hole is directed upstream of said 

35 passage to be within 45 degrees down from hori- 
zontal. 

25. A hydrogen combustion heater according to claim 
12, wherein said mixer comprises first, second and 

40 third members in a downstream direction of said 
passage, 


20 


25 


18. A hydrogen combustion heater according to claim 
1 , further comprising a hydrogen introducing pipe 
for introducing said hydrogen gas into said pas- 
sage, said hydrogen introducing pipe comprising a 
discharge portion inserted in said passage, said dis- 
charge portion comprising a hole for discharging 
said hydrogen gas into said passage, said hole be- 
ing directed upstream of said passage. 

19. A hydrogen combustion heater according to claim 
18, wherein said hole comprises at least first and 
second holes, and said first hole is positioned at 
about a center of said discharge portion of said hy- 
drogen introducing pipe, and said second hole is 
positioned between said center and an upstream 
end in said discharge portion 


wherein said first, second and third members 
respectively comprise a first through hole of a 
45 first size, second through holes of a second size 

and third through holes of a third size, for allow- 
ing said hydrogen gas and said air to pass 
therethrough, 

wherein said first, second and third sizes are in 
so descending order, 

wherein the number of said first, second and 
third through holes are in ascending order. 

26. A hydrogen combustion heater according to claim 
55 1 , wherein said heat exchanger comprises: 

upstream and downstream partition walls respec- 
tively comprising first holes and second holes; and 
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a plurality of pipes each extending between 
said first hole and said second hole, each pipe 
having a space around each pipe, said space 
allowing a heating medium to flow there- 
through. 

5 

27. A method for using a hydrogen combustion heater 
according to claim 1 , comprising controlling a flow 
rate ratio of said air to said hydrogen gas, thereby 
limiting said first combustion to a mild oxidation that 10 
is defined as being free from firing of said hydrogen 


J. A method according to claim 27, wherein said flow 
rate ratio is controlled to be greater than 8:1 

A method according to claim 27, wherein tempera- 
ture of said first catalyst is limited to 500°C or lower. 
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of the hydrogen gas and the air in the first catalyst (50); 
and (c) a heat exchanger (64) provided downstream of 
the first catalyst (50) in the passage, the heat exchanger 
being adapted to transfer heat generated by the first 
combustion to a heating medium of the heat exchanger. 
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